Breast milk might be a source of potentially toxic metals such as cadmium (Cd). The purpose of the present study is to provide data pertaining to the influence of maternal lifestyles on Cd concentrations in breast milk in the Austrian setting. Breast milk was obtained from 124 Austrian women. Each participant provided 10 ml of milk. A second group of eight mothers were recruited to investigate changes in their milk cadmium levels at 1, 3, 5, 7 and 9 weeks post partum. The study participants filled a questionnaire concerning nutrition, supplementation, and smoking habits. The samples were analyzed using GF-Atomic Absorption Spectrophotometer (AAS). The mean Cd content in breast milk was among the lowest in Europe (0.08670.085 mg/l, 95% CI: 0.07-0.10; n ¼ 124). Increased Cd levels in breast milk were found to be significantly associated with frequent cereal consumption and smoking. Smokers had a two-fold higher concentration than did non-smokers (0.15 versus 0.07 mg/l; P ¼ 0.000). In contrast, low Cd levels in breast milk were associated with the intake of supplements containing trace elements or vitamins and trace elements (Po0.05). This protective effect of supplements on Cd levels was only observed in non-smokers. The Cd levels registered in the present investigation were far below critical levels. We conclude that the current maternal Cd levels in Austria signify no risk for the breastfed infant of a healthy mother. Further research will have to focus on the specific effects of supplementation and smoking on Cd concentrations.
Introduction
Breastfeeding provides optimal nutrition for the infant with respect to health as well as neurodevelopmental and psychosocial outcome (AAP, 1997; Chen and Rogan, 2004; Singhal et al., 2004) . Under normal conditions, the composition of breast milk is balanced to satisfy the nutritional requirements of the neonate and the growing infant. The WHO recommends that every infant be exclusively breastfed for 6 months, and partially breastfed F with the introduction of solids F well into the second year of life and beyond. As breast milk is the only source of nourishment for the rapidly growing and developing infant during the first 6 months of life, the possible adverse health effects of environmental pollutants deserve careful attention. In addition to a thorough analysis of milk, element concentrations should be periodically measured because the quantity of pollutants excreted into breast milk may change during lactation. Infant formulas used as human milk substitutes and cow milk as the basis for manufacturing infant formulas also must be analyzed.
The non-essential heavy metal cadmium (Cd) is known to be a toxic environmental contaminant. In humans, the kidneys are the primary target organ of toxicity. Studies on neurotoxicity associated with exposure to Cd in humans are limited (Pohl et al., 2006) . Experimental data showed that Cd exposure via milk affects serotonin levels in the developing brain of rats (Andersson et al., 1997) . Moreover, newborns are believed to have a higher gastrointestinal uptake of inorganic Cd than adults (Eklund et al., 2004) . The most recent results of Ohrvik et al. (2006) indicate that Cd disturbs the function of the lactating mammary gland in mice, which may impair the development of the suckling offspring.
The available Austrian data indicate a marked decrease in Cd concentrations in breast milk during the last decades; the very high levels registered in the 1970s (Maruna et al., 1976) have been reduced to low (Rossipal and Krachler, 1998) or even undetectable concentrations (Plo¨ckinger et al., 1993) . None of the previous studies have investigated the relationship between Cd concentrations and maternal lifestyles, such as nutrition or supplementation, which are known or suspected to influence Cd milk levels. However, Maruna et al. (1976) were the first to report higher Cd milk concentrations in smokers than in non-smokers, which is an established fact today.
The main aims of the study were two-fold:
1. to determine current Cd levels in breast milk and 2. to assess the factors underlying differences in Cd levels.
In addition, changes in milk cadmium levels at 1, 3, 5, 7, and 9 weeks post partum were investigated in a group of eight mothers. We also analyzed Cd concentrations in milk-based infant formulas (prepared with tap water) and cow milk samples.
Methods

Study Area and Subjects
From February 1999 to January 2000, 165 healthy lactating women were recruited in Vienna (urban site; n ¼ 59), Tulln (rural site; n ¼ 59), and Linz (industrial site; n ¼ 47). For organizational reasons, the breast milk samples were usually taken between the second and 14th day post partum. Samples collected after the sixth week post partum were excluded, as were milk samples from mothers of twins or triplets. In all, 5% of the Cd values were excluded because of inaccurate measurement results. The final sample number was 124. As some values in the questionnaire data matrix were missing, the numbers of subgroups together might amount to less than the total number. The longitudinal study performed between 2002 and 2004 included eight healthy women (five from Linz and three from Vienna). The study was approved by the ethics committee of Wilhelminenspital Hospital, Vienna. Written informed consent was obtained from the mothers. The characteristics of the study participants are shown in Table 1 .
Questionnaire
The participants filled a questionnaire concerning residential area, nutrition, supplementation, and smoking habits. The questions on diet included vegetables, fruits (especially berries), fish, shellfish, innards (especially pork or bovine liver), meat, mushrooms, cereals, and red wine, whereby three categories, namely: never, occasionally (ponce a week), frequently (4 once a week), were provided to specify consumption habits.
Supplementation
In total, 67% of our study participants undertook specific measures related to pregnancy health as recommended by their physicians. The multivitamin preparations used by the subjects show a distinct composition, including various amounts of vitamins and trace elements/minerals. In addition, the women took iron (Fe), fluorine (F), magnesium (Mg), and calcium (Ca) pills or solutions.
Sampling and Sample Number
Individual samples of 5-10 ml human milk, cow milk, and infant formulas (Beba FG, Beba HA1, Beba Start HA, Aptamil HA, Pre Humana, Beba pre, Aptamil pre) prepared with tap water were collected and stored in acid-prewashed polyethylene tubes. Women participating in the longitudinal study provided a total of five breast milk samples collected at post partal week 1, 3, 5, 7, and 9, respectively.
Pretreatment of Samples
All samples were stored at À201C until lyophilization (À481C) and subsequent homogenization: about 300 mg of each sample was digested with nitric acid (65%, suprapure) in closed Teflon vessels (Microwave Laboratory Systems). Pure HNO 3 samples were used as controls. Spiked skim milk powder (Institute of Reference Materials and Measurements, Belgium) was used as reference material and treated as described for other milk samples.
Cd Analysis in Breast Milk
Cd was determined in the graphite furnace of a Hitachi Z8200 (Berkshire, United Kingdom) Polarized Atomic Absorption Spectrophotometer (AAS). The limit of detection (three standard deviations for the blanks) was 0.011 mg/l. The accuracy of the measurements was checked with the reference material 'Spiked skim milk powder' (IRMM, Belgium). Our data (20.772.23 mg/l; n ¼ 8) were not significantly different from the certified Cd value (21.871.4 mg/l). Cd data (mg g À1 dry weight) were divided Including preterm babies.
Cadmium content in breast milk Gundacker et al. by the factor 7.5 to calculate wet weight (mg/l) (Kosta et al., 1983) .
Statistics
Because the raw Cd data were not normally distributed, they were log-transformed to achieve normal distribution. Cd data in the tables and figures show the original values. Lognormal values were used for statistical tests. ANOVA was performed for testing bivariate relationships. All factors significantly related to Cd levels were included in the general linear model (GLM, univariate multifactorial ANOVA) to calculate the main effects and interrelationships between these variables. Residual variances were normally distributed (Lilliefors test P ¼ 0.200). The Student-Newman-Keuls test was used for post-hoc comparisons (Table 2) 
Results
The arithmetic mean Cd concentration in breast milk was 0.08670.085 mg/l (median: 0.063; 95% CI: 0.07-0.10; n ¼ 124). As registered for Hg and Pb levels in breast milk (Gundacker et al., 2002) , we expected the site of investigation to exert a significant influence on Cd levels. Higher mean numerical levels were registered in Linz (industrial; 0.096 mg/l, n ¼ 40) and Vienna (urban; 0.093 mg/l, n ¼ 45) as compared to Tulln (rural; 0.065 mg/l, n ¼ 39), but this nonsignificant difference (P ¼ 0.494) was related to the different smoking habits: 19% of the study subjects in Linz were smokers, 17% in Vienna and only 12% in Tulln. The local differences among non-smokers were negligible (P ¼ 0.844).
Therefore, data from the three study sites of Tulln, Linz, and Vienna were pooled.
Infants of smokers had a significantly lower birth height (P ¼ 0.040) and a lower birth weight (P ¼ 0.088). Among non-smokers, the anthropometric data of infants were not correlated to Cd milk levels. Cd values in mothers with premature babies (0.085 mg/l) were not significantly different (P ¼ 0.921) from the Cd values of women who delivered their infants at term (0.086 mg/l).
Current smokers (0.1570.15 mg/l; n ¼ 21) showed significantly higher Cd concentrations in milk (P ¼ 0.000) than did former smokers (0.0970.08 mg/l; n ¼ 14) and non-smokers (0.0770.05 mg/l; n ¼ 87). Among non-smokers, cereal consumption led to significantly higher Cd levels (P ¼ 0.042), whereas the use of supplementary trace elements/minerals and vitamins led to reduced Cd levels (P ¼ 0.029) ( Table 2) . Current and former smokers showed a tendency toward higher concentrations in cases of cereal consumption. However, this effect was not significant. Supplementation, however, did exert a distinct influence when smokers and non-smokers were compared: Cd levels in current and former smokers were not significantly different, whereas significantly lower contents were registered in non-smokers. As cereal consumption and supplementation had no significant impact on Cd levels in current and former smokers, the data for the two smoker categories were merged in Table 2 .
Significant factors were included in the general linear model (Table 3) . We tested (a) the effects of smoking, cereal consumption, and supplementation on the Cd levels of all study participants and (b) the effects of supplementation and cereal consumption on Cd concentrations in non-smokers (n ¼ 87). An additional computation for smokers (n ¼ 35) yielded non-significant effects, which were not shown in Table 3 . In both groups of models (for all participants versus non-smokers), the main effects were tested (a) without and (b) with the interrelationships between these factors (Table 3) .
The main-effect model for all participants indicated significance for smoking and cereal consumption, but only marginal significance for supplementation. Compared with the main-effect model, the saturated model yielded nonsignificant effects of the use of supplements and cereal consumption, evidently because a part of the variance was absorbed by the interrelationships. Smoking remained the only significant factor. Stepwise backward elimination of the least significant factors down to P40.1 resulted in a model with the main effects only. Smoking was the most robust factor with regard to model design, followed by cereal consumption and supplementation.
In non-smokers, the effect of supplementation was significant, and cereal consumption marginally significant, regardless of the model design.
Infant formulas (0.54 mg/l; n ¼ 7) contained significantly higher Cd concentrations (Po0.01) than did breast milk (0.09 mg/l; n ¼ 124) and cow milk (0.03 mg/l; n ¼ 4). The Cd content of tap water (n ¼ 1) used for reconstitution of infant formulas was 0.37 mg/l (discussed below).
One participant in the longitudinal study started to smoke between post partal weeks 3 and 5, which raised her Cd levels in breast milk to 0.55 mg/l (Figure 1 ). Non-smokers in the longitudinal study, however, showed a reduction in their breast milk Cd levels from 0.1470.13 mg/l (week 1) to 0.0970.05 mg/l (week 9).
Discussion
Current Cd Levels in Breast Milk in Austria
Under normal conditions (non-occupational exposure), Cd levels in breast milk have been reported to be less than 1 mg/l (Abadin et al., 1997) . In agreement with these data, we registered a maximum level of 0.73 mg/l. Cadmium levels in breast milk have markedly decreased in Austria over the last decades and are now among the lowest in Europe (Table 4) . The screening level (minimal risk level; MRL) for Cd in breast milk is 5 mg/l (Abadin et al., 1997) . By definition, MRLs are estimates of daily human exposure to a chemical that are likely to pose no appreciable risk of adverse health effects over a specified duration and route of exposure. In the present study, breast milk samples were usually taken between the second and 14th day post partum. Accordingly, our calculation of Cd exposure refers to a mean body weight of 3070 g (n ¼ 124) and an average daily breast milk consumption of 500 ml. Thus, breastfeeding exposes the investigated infants to an average Cd intake of 0.014 mg/kg/ day (maximum value, 0.119 mg/kg/day).
Factors Related to Cd Levels in Breast Milk in Austria
Smoking Smoking is known to be a major source of Cd exposure. The Cd content of cigarettes may vary over a wide range from 0.29-3.38 mg/g (Watanabe et al., 1987) . The quantity of Cd inhaled from smoking one cigarette is about 10% of the total Cd content in the cigarette (Elinder et al., 1983) . We found a two-fold higher milk Cd concentration in current smokers, as has been reported by Radisch et al. as well (1987) . In the longitudinal study, the Cd level in milk increased from 0.10 to 0.55 mg/l, depending on the number of cigarettes smoked per day (Figure 1) .
In a Japanese population, maternal Cd exposure was found to be associated with pre-term birth and a lower birth weight (Nishijo et al., 2002) . In our study population, the infants of smokers were significantly shorter (P ¼ 0.040) and tended to have a lower birth weight (P ¼ 0.088). We presume this was due to the negative impact of other constituents of cigarette smoke such as carbon monoxide rather than Cd exposure due to smoking. In our non-smoker group, the anthropometric data of infants were not correlated with Cd milk levels. Cd levels in mothers of pre-term infants (0.085 mg/l) were also not significantly different (P40.05) from those with infants born at term (0.086 mg/l). Supplementation The intake of trace elements and vitamin supplements were correlated with lower Cd levels in the breast milk of non-smokers (Table 2) , a result confirmed by the general linear model (Table 3 ). In contrast, Leotsinidis et al. (2005) found no effect of supplementation on milk metal levels among lactating women in Greece; however, all of the investigated women took iron supplements, which rendered comparisons impossible. In our study group, trace element/mineral and vitamin supplementation were strongly positively correlated (Po0.01) because nearly all participants concomitantly used vitamin preparations F which included trace elements to some degree F and additional trace elements. This made it impossible to determine the impact of individual variables such as iron (Fe) supplements. Further investigations concerning the influence of supplementation (single and combined effects) on the element composition of breast milk are needed. The observed effect of trace element and vitamin supplementation on Cd milk levels might be explained by the interrelationship between essential and non-essential trace elements as described for Se and Cd (Ellingsen et al., 1997) or Zn and Cd (Lonnerdal, 2000) . Very similar findings have been registered for Pb: this metal also interacts with essential nutrients such Ca, Fe, and Zn (Goyer 1995 (Goyer , 1997 . A common mechanism of uptake has been suggested for Fe and Cd, because the duodenal divalent metal transporter DMT1, which is responsible for Fe transport, possesses an affinity for Cd. Vahter et al. (2002) concluded that depleted Fe stores and Fe deficiency lead to a greater Cd uptake and toxicity. Such an Fe-Cd interaction has been described by Satarug et al. (2004) : non-smoking women with low Fe stores had a three-fold greater Cd burden compared to non-deficient women. Experimental data revealed that adequate dietary Fe supplementation reduced Cd retention and Cd-induced anemia (Schumann et al., 1996) . Honda et al. (2003) reported that increased Cd concentrations might affect Ca secretion in breast milk. The assumption has been that renal tubules and bones are the preferred target organs from where Cd is released along with Ca, especially during periods of high nutritional demand such as pregnancy or lactation. There is also evidence for the protective effect of vitamins with regard to Cd accumulation and toxicity. Experimental studies showed that glomerular injury was reduced by vitamin E supplementation (Choi and Rhee, 2003) , and vitamin C supplementation reduced Cd levels in Cd-treated rats (Grosicki, 2004) .
We suggest that such defense mechanisms lead to a reduced Cd uptake and consequently lower breast milk concentrations, but this protective effect is clearly confined to nonsmokers (Tables 2 and 3 ). Cigarette smoke contains many oxidants and free radicals and may therefore cause considerable oxidative stress, resulting in higher levels of lipid peroxidation products (Rust et al., 2001) . Lower levels of vitamin C, folate, and provitamin A carotenoids (Alberg, 2002; Kim et al., 2003) , commonly found in smokers, are thought to be caused by oxidative stress as well as by diverse diet habits: smokers differ from non-smokers with respect to several lifestyle behaviors, including eating less healthful diets, such as less fruits or vegetables that are major sources of vitamin C and carotenoids. Irrespective of the reasons for a poor vitamin status, it may be assumed that smokers need larger quantities of supplemental antioxidants in order to compensate their a priori lower body depots (compared to non-smokers). The smoker's level of antioxidants might be inadequate to resist the adverse effects of Cd exposure, such as increased Cd uptake from the gastrointestinal tract. Grosicki (2004) described the beneficial effects of supplemental vitamin C, including the fact that vitamin C improves Fe absorption from the gastrointestinal tract, which, in turn, may reduce Cd absorption.
Cereal consumption The intake of cereals was positively related with the Cd content of breast milk (Tables 2 and 3) . Women who ate cereals at least once a week had nearly twofold higher Cd levels in milk than did women who never consumed cereals. Cereals may contain large quantities of Cd (Mu¨ller et al., 1996) . In the Philippines, cereals accounted for 24% of the dietary Cd intake in adult women (Zhang et al. 1998 ). In the Austrian population as well, Elmadfa and Burger (1999) established vegetables (31%) and grain (25%) as the main sources of dietary Cd exposure. They concluded that the mean daily Cd intake of 9.4 mg indicates a rather low risk for the Austrian population compared to the data reported from other European countries (8 to 57 mg/day). Nevertheless, pregnant women constituted the group with the highest intake in Austria (11.9 mg/day).
Cd levels in Breast Milk: Comparison with Cow Milk and Milk-based Infant Formulas
The Cd content of cow milk in Austria is low. We observed a significantly higher level of Cd exposure through milk-based infant formulas compared with breast milk, probably due to the relatively high Cd content of tap water (0.37 mg/l) used for reconstitution of the infant formulas. Nevertheless, the tap water value is far below the current WHO Guideline for Cd in drinking water (5 mg/l). Petersson- Grawe and Oskarsson (2000) presumed that the mammary gland functions as a barrier for Cd, similar to the placenta. Therefore, rather low quantities of Cd are transferred to the infant during lactation. Compared to the mean Cd uptake of 0.086 mg/kg/day through infant formulas (prepared with tap water), Cd exposure via breastfeeding (0.014 mg/kg/day) is minimal and helps to avoid unnecessary Cd exposure of the neonate and infant.
Outcome of the Longitudinal Study
The longitudinal observations showed a continuous decline of mean Cd concentrations in non-smokers, well in keeping with the data reported by Vuori et al. (1983) , Sternowsky and Wessolowski (1985) , and Rossipal and Krachler (1998) . Smoking five to 10 cigarettes per day, however, led to a marked increase from 0.10 to 0.55 mg/l (Figure 1) .
Two women (M1, M8) showed relatively high Cd levels at the beginning of lactation (0.3-0.4 mg/l; Figure 1 ), which might be explained by their higher age, smoking before pregnancy (M1), and their diet (M8). The latter woman is an ovo-lacto-vegetarian who consumed cereals, nuts, and mushrooms more frequently than the others did (Po0.05). Further longitudinal studies comprising larger populations will be needed to confirm our findings.
Conclusions
Cd exposure through breastfeeding is minimal in Austria and far below the levels specified in international guidelines. Cd levels decrease further during lactation. We conclude that the current Cd levels pose no risk for the breastfed infant of a healthy mother. The consumption of cereals significantly contributed to Cd exposure in this study group. Supplementation with trace elements/minerals and vitamins, however, may reduce Cd concentrations in breast milk. This may be an advantage during pregnancy and lactation. Further studies are needed to establish the potential benefits of supplementation with respect to metal accumulation. Smoking led to twofold higher Cd concentrations in breast milk. Moreover, the protective effect of the use of supplements in terms of lower Cd levels in breast milk was only observed in non-smokers. It would be advisable to reduce, or entirely avoid, smoking during lactation.
